Hereditary argininemia manifests as neurological disturbance and mental retardation, features not observed in other amino acidemias. The cytotoxic effect of a high concentration of L-arginine (L-Arg) was investigated using NB9 human neuroblastoma cells (NB9), which express neuronal nitric oxide synthase (nNOS). When the concentration of L-Arg in the medium increased from 50 ,uM to 2 mM after incubation for 48 These results suggest that L-Cit formed by nNOS in LArg-loaded neuronal cells inhibits NOS activity and nNOS in these L-Arg-loaded cells functions as a NADPH oxidase to produce ROS, which may cause neurotoxicity in argininemia.
Introduction
Argininemia (McKusick 20780 ) is an autosomal recessive disorder caused by a deficiency in the liver-type arginase enzyme (EC 3.5.3.1). The clinical manifestations of argininemia are mental described as a regular feature in hyperammonemias associated with other defects in the urea cycle. These neurological manifestations can be progressive even when concentrations of plasma ammonium are within normal levels. This means that hyperammonemia is not the sole factor related to neurological damage in these patients. Elevated concentrations of plasma L-arginine (LArg) or its five catabolites seem to be directly linked to the neurological symptoms seen in these patients (3) .
Human liver-type arginase catalyzes the hydrolysis of L-Arg at the last step in urea synthesis, producing urea and ornithine. In 1987, we isolated the complete cDNA of human liver-type arginase (4) . This enzyme consists of 322 amino acid residues with a molecular mass of 34,732 daltons (4) . The arginase gene is 11.5 kb long, includes eight exons (5) , and has been assigned to chromosome band 6q23 (6) .
We have indicated a possible correlation between genotypes and differences in clinical responses to dietary treatment in 11 patients with argininemia. Differences in the degree of clinical improvement during dietary treatment seemed to relate to the nature of the mutations (2) .
Furthermore, we have detected three mutations-a nonsense mutation in exon 4, a missense mutation in exon 7, and a frameshift mutation in exon 8. These mutations are different from those previously reported in the arginase gene (7) . Arginase deficiency is apparently genetically heterogeneous (8) . We tentatively conclude that argininemia is heterogeneous, at the molecular level (2) . The features of this disease are generally progressive. Argininemia is thought to be more closely linked to neurological damage than is hyperammonemia (1) . However, the mechanisms by which progressive neural disorders occur are not understood.
L-Arg is converted inside the cells to L-citrulline (L-Cit) by the catalytic reaction of nitric oxide synthase (NOS) (9) . There are three isoforms of NOS, designated as endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS). The 
RT-PCR
RT-PCR for the estimation of the levels of NOS mRNA was performed using an RNA PCR kit and a PC-700 program temp control system (Astec, Fukuoka, Japan) with 23 cycles. The level of 3-actin was used as an internal standard. The products of RT-PCR were subjected to electrophoresis in 1 % agarose gels, subsequently transferred to nylon-membrane filters, and later hybridized with 32P-labeled probes for NOS isoforms. Autoradiographed filters were analyzed using a Fujix Bio-Analyzer BAS-2000 (Fuji Photo Film, Tokyo, Japan).
Preparation of Nuclear Extracts
Nuclei extracts were prepared as described previously (11) . Briefly, the cells were suspended in hypotonic buffer, 10 mM HEPES, pH 7.9, containing 1.5 mM MgCl2, 10 mM KCI, 0.2 mM PMSF, and 0.5 mM dithiothreitol (DTT). The swollen cells were homogenized and the nuclei were pelleted by centrifugation at 500 X g for 1 min at 40C. Gentle drop-wise addition of a highsalt buffer, 20 The electrophoretic mobility shift assay for AP-1 was performed as described by Sen and Baltimore (12) with a slight modification. Briefly, nuclear extracts were incubated with an AP-1-specific 32P-oligonucleotide. The binding reaction proceeded in a 25-,ul volume containing 10 jig of nuclear extract, 5 ,l of a binding buffer (10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 4% glycerol), and labeled oligonucleotide (3000-6000 cpm). After a 20-min binding reaction at room temperature, samples were loaded on a 6% nondenaturing polyacrylamide gel and subjected to electrophoresis in 25 mM Tris, 22.5 mM borate, and 0.25 mM EDTA, pH 8.0. For the specificity control, a 100-fold excess of unlabeled probe was applied. The binding site for the AP-1 probe contained '5-TGATTCA-3'. The DNA binding activity of the extracts was quantified by estimating the amount of the 32p_ labeled AP-1.
Estimation of NOS Activity Accumulated nitrite levels in the cell culture medium were determined as change in the absorbance at 540 nm using an automated NO detector-HPLC system (ENO-10, Eicom, Kyoto, Japan). The activity of NOS was estimated by measuring the formation of L-[U-_4C]-Cit from L-[U-_4C]-Arg using a Dowex-SOW column according to the methods described by Galea et al. (13) . In these experiments, 10 The effect of an addition of L-Cit to NB9 on NOS activity and cell viability was then studied. As shown in Table 2 , addition of L-Cit and incubation for 48 hr increased intracellular levels of L-Cit, inhibited NOS activity, and decreased cell viability in a dose-dependent manner. Elevation of intracellular levels of L-Cit and a decrease in NOS activity were in good agreement with the data shown in Table 1 . ROS increased in NB9 incubated with 2 mM L-Arg for 48 hr relative to control: there were 35 versus 13 ROS (relative fluorescence intensity) (Fig. 2, lanes 1 and 2) when estimated with DCFH-DA ( Fig. 2A) . The formation of ROS also increased in the L-Arg-loaded cells when estimated with DHR: there were 300 versus 60 ROS (relative fluorescence intensity) on the same lanes (Fig. 2B) . It remains to be determined whether the ROS formed in these cells are related to NOS.
To establish whether the formation of ROS is related to the Cit-NO cycle, the cells were incu- bated with 2 mM L-Arg for 48 hr in the presence of L-NAME. The production of ROS was abolished by L-NAME (Fig. 2, lane 3) . Furthermore, incubation of the cells with 250 ,tM L-Cit for 48 hr caused production of ROS (Fig. 2, lane 4) .
RT-PCR of NOS
RT-PCR showed the presence of nNOS in NB9 (Fig. 3) . iNOS was detected faintly in the cells, but eNOS was not detected. The expression of nNOS did not change upon treatment with various concentrations of L-Arg at 23 cycles of PCR.
DNA Damage
Flow cytometric analysis showed a 14% increase in the relative intensity at the sub-Gl phase in NB9 incubated with 2 mM L-Arg for 48 hr and an 18% decrease at the G2-M phase. This suggests that a high concentration of L-Arg induces DNA damage and arrest at the GI phase in NB9 (Fig. 4 , right panel).
Transcriptional Regulation
Nucleic factor-KB (NF-KB) and AP-1 are activated in response to oxidative stress. In a preliminary study, no change in the activity of NF-KB was observed (data not shown). An electrophoretic mobility shift assay was carried out on the DNA-binding activity of AP-1. Figure 5 shows the results of the activation of AP-1 on an electrophoretic mobility shift assay conducted by incubating NB9 with 2 mM L-Arg for 48 hr. The activity of AP-1 was stimulated 1. 5-fold by 2 mM L-Arg (Fig. 5, lane 5) . The activity of AP-1 was not stimulated by 50 ,tM L-Arg (Fig. 5, lane 4) . This result suggests that the DNA-binding activity of AP-1 is stimulated by oxidative stress produced by a high concentration of L-Arg.
Discussion
In the nervous system, nNOS is localized to discrete populations of neurons in the cerebellum, olfactory bulb, hippocampus, cortex, striatum, basal forebrain, and brain stem (16, 17) . NOS is reported that the expression of nNOS is relatively high in the cerebellum and approximately half of that in the cerebral cortex (18) . The widespread cellular localization of nNOS and the short halflife and diffusion properties of NO have led to speculation that NO plays a key role in nervous system morphogenesis and synaptic plasticity (19) . During development, NO may influence activity-dependent synaptic pruning, apoptosis, and the establishment of the columnar reorganization of the cortex (20) . NOS is a complex dioxygenase enzyme containing a C-terminal domain homologous to cytochrome p-450 reductase (21 suboptimal (22) . Pou et al. (23) were the first to report a radical, superoxide generated by purified nNOS from rat in an NADPH-dependent manner in L-Arg-deficient medium using ESR. Culcasi et al. (24) speculated that superoxide is induced via activation of NOS by glutamate receptor-mediated signals in L-Arg-depleted neurons and that the superoxide produced by NOS is a weak but significant cell death signal.
In the present study, the production of ROS was detected in neurological cells exposed to a 20-molar excess of L-Arg. Synthesis of ROS was evaluated by flow cytometric analysis, a method not specific for superoxide. However, the production of ROS was abolished by the treatment of NB9 with L-NAME, a NOS blocker (Fig. 2) , suggesting that ROS in NB9 loaded with a high concentration of L-Arg could be produced by NOS. The presence of iNOS has been reported in non-neuronal cells, such as glial cells, in the brain (25) . And in this study, the expression of Fig. 4 . DNA damage by L-Arg. DNA damage in LArg-loaded NB9 was determined by estimating the formation of sub-GI phase of DNA (1) , and changes in the number of GI (2) and G2-M (3) phases. DNA (Fig. 3) , suggesting that nNOS is involved in the formation of ROS. The kinetics of nNOS in NB9 were studied. The apparent Km value of nNOS for L-Arg with 8. 4 ,uM was in agreement with previous reports on the characteristics of human brain NOS (26, 27) . This is the first report to show that L-Cit inhibits NOS activity and produces ROS in a concentration-dependent manner. A possible mechanism by which ROS are produced in NB9 at a high concentration of L-Arg is as follows: an excess of substrate, L-Arg, produces sufficient amounts of L-Cit. L-Cit binds to the L-Arg binding site of NOS and inhibits the NO synthesis, and nNOS functions as a NADPH oxidase to produce superoxide as observed in L-Arg-depleted cells (26) (27) (28) . At a physiological concentration of plasma L-Arg (approximately 50 ,uM) (4), L-Cit seems to be a suitable substrate for nNOS, whereas at more than 0.5 mM, the concentration of L-Arg observed in patients with arginase deficiency, the L-Cit produced may inhibit the enzyme. The levels of L-Cit were not detected in 50 ,uM-L-Arg-loaded NB9 whereas they were found in 2 mM-L-Arg-loaded NB9 (Table 1) . L-Cit is postulated to be a precursor of L-Arg in the LCit-NO cycle (10) . The data in this study suggest that L-Cit is metabolized at a physiological concentration of L-Arg, and L-Cit at high concentrations of L-Arg is not sufficiently utilized in the L-Cit-NO cycle.
Since the levels of L-Arg and L-Cit in the cells were expressed in terms of contents, it is hard to explain from the results of the kinetic study how the formation of L-Cit alone suppresses NOS activity contributing to neurotoxicity in L-Argloaded cells. In general, it is important to distinguish NOS activity in broken cells that is caused by various compounds from that which may occur in whole cells. L-Cit may decrease the viability of the cells in addition to inhibiting NOS activity. On the other hand, ROS formed by L-Cit [ Fig. 2 (4) ], may be involved in cell damage by L-Cit. Protection of neurotoxicity by antioxidants has been reported (28) , which strongly suggests that chronic formation of ROS contributes to neurotoxicity. The production of superoxide in L-Arg-loaded cells could explain the neurological cell injury in argininemia.
AP-1 is a sequence-specific transcriptional activator composed of members of the Jun and Fos families (29) . These proteins associate to form a variety of homo-and heterodimers that bind to a common site. AP-1 is activated by oxidative stress, phorbor ester 12-0-tetradecanoylphorbol-13-acetate, growth factors, cytokines, and UV irradiation (29) . Gel-shift assay has shown that AP-1-DNA binding activity is stimulated in L-Arg-loaded NB9 (Fig. 5) , suggesting that ROS produced by NOS cause oxidative stress in the cells. In conclusion, neurotoxicity in argininemia may be induced through a mechanism in which ROS are produced by NOS in neurological cells.
